INTRODUCTION
============

Diabetes mellitus is a progressive disease which can result in complications of multiple organs. In addition to classic chronic diabetic complications, type 2 diabetes mellitus patients are vulnerable to dementia, cognitive impairment, and Alzheimer\'s disease \[[@B1]\]. Type 2 diabetes mellitus is also associated with cerebral atrophy \[[@B2]\]. Most complications resulting from diabetes are related to hyperglycemia, but several recent studies reported that cognitive impairment and brain damage were associated with severe hypoglycemia in animals and humans \[[@B3][@B4][@B5]\].

Dementia is defined as an acquired deterioration in cognitive abilities that impairs the successful performance of activities of daily living, which is associated with loss of memory. A systematic literature review found that diabetes is associated with an increased risk of Alzheimer\'s dementia (AD), vascular dementia, and overall dementia \[[@B6]\]. The mechanism through which diabetes increases dementia is unclear. It has been proposed that vascular damage, hyperinsulinemia and insulin resistance, β-amyloid, and accumulation of advanced glycation end-products within brain tissue are involved \[[@B7][@B8][@B9]\]. Recently, several epidemiologic studies demonstrated that chronic recurrent hypoglycemia is associated with dementia \[[@B3][@B4][@B5]\]. The prolonged and severe hypoglycemia associated with diabetes increased oxidative stress and mitochondrial dysfunction; and discrete neuronal death was observed in the more vulnerable brain areas \[[@B10][@B11][@B12][@B13][@B14]\]. Another suggested mechanism of hypoglycemia-induced neuronal cell death and apoptosis is related to reperfusion \[[@B15]\]. Harmful hypoglycemic stress conditions used in previous studies can be divided into hypoglycemia itself and hypoglycemia/reperfusion injury. Some reported that glucose deprivation/reperfusion produced more oxidative stress and more neuronal cell death than glucose deprivation itself. The timing of glucose deprivation/reperfusion also varied among different studies, generating different degrees of damage. The rat pheochromocytoma cell line PC-12 is widely used for AD research \[[@B16]\]. For example, PC-12 cells exposed to hypoglycemia for a prolonged time for such experiments used a 48-hour hypoglycemic condition \[[@B17]\].

Forkhead box O (FOXO) transcription factors are involved in diverse cellular processes, such as glucose metabolism, cell cycle, and apoptosis \[[@B18][@B19]\]. The FOXO transcription factors are one of the major direct substrates of the protein kinase Akt in cellular response, and the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway plays a critical role in mediating survival signals in neuronal cells \[[@B20]\]. One study reported that sustained hypoglycemia inhibited cell proliferation via the PI3K/Akt pathway and induced neuronal apoptosis through caspase-3 activation, and activated FOXO transcription factors in the brain of the silkworm \[[@B21]\]; but, there are few studies that show the relationship between repeated glucose deprivation/reperfusion and FOXO transcription factors in neuronal cell death or damage. Therefore, we examined the role of FOXO transcription factors, and the involvement of the PI3K/Akt and apoptosis-related signaling pathways in PC-12 cells exposed to repeated glucose deprivation/reperfusion injury.

METHODS
=======

Cell culture
------------

PC-12 cells, derived from a pheochromocytoma of the rat adrenal medulla, obtained from Dr. Young Hoon Kim of Inje University Busan Paik Hospital, South Korea, were plated and maintained in Dulbecco\'s Modified Eagle Medium (DMEM) (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) with 25 mM glucose and 10% fetal bovine serum; and the cells were stabilized for 24 hours. All experiments were incubated in a humidified atmosphere of 5% CO~2~ and 95% air at 37℃.

Cell
----

The PC-12 cells were plated at a density of 3×10^4^ cells/well in a 96-well plate for cell viability assay, in 60 mm diameter culture dishes for Western blot analysis, and in 6-well plates onto cover-slides for FOXO staining. After the cells were stabilized for 24 hours at 37℃, they were cultured for 6 hours a day in culture medium with 0 mM glucose DMEM. Cells were then switched and reperfused for 18 hours in culture medium with 25 mM glucose DMEM. For the controls, the cells were cultured with 25 mM glucose DMEM for 24 hours. This was repeated daily for 5 days. This was a modification of the methods in a previous study using the same PC-12 cells, which used 4-hour oxygen and glucose deprivation, followed by 20 hours reperfusion to study PC-12 cell apoptosis \[[@B15]\]. We used glucose deprivation for 1 hour/reperfusion for 23 hours and glucose deprivation for 6 hours/reperfusion for 18 hours; and continued for 5 days to evaluate the involvement of FOXO in repeated glucose deprivation/reperfusion. These were compared with control cells not exposed to hypoglycemia. The cell growths were decreased in 0 mM glucose DMEM for 1 hour and for 6 hours compared with the controls. Cell growth was decreased in proportion to the time exposed to glucose deprivation ([Fig. 1A](#F1){ref-type="fig"}). The cell viability was decreased by 8% in 0 mM glucose DMEM for 1 hour and by 19% in 0 mM glucose DMEM for 6 hours, compared with the controls not exposed hypoglycemia ([Fig. 1B](#F1){ref-type="fig"}). The nuclear FOXO3 localization showed a 10% increase in 0 mM glucose DMEM for 1 hour and 31% increase in 0 mM glucose DMEM for 6 hours when compared with the controls (data not shown). Both glucose deprivation times showed a decrease in Bcl-2 and phosphorylated Akt (phospho-Akt) and increased cleaved caspase-3 compared with the controls (data not shown). We conducted the glucose deprivation for 6 hours/reperfusion for 18 hours to emphasize the relationship of FOXO in repeated glucose deprivation/reperfusion in PC-12 cells.

Cell viability assay (MTT assay)
--------------------------------

The PC-12 cells were plated at a density of 3×10^4^ cells/well in 96-well plate and were stabilized for 24 hours. The cells were incubated and treated according to the above experimental schedule for 5 days. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added to the cell samples to make a final concentration of 0.5 mg/mL. The reaction mixture was allowed to incubate at 37℃ for 4 hours. The 96-well plates were wrapped in aluminum foil after removal from the incubator. The reaction mixture was carefully removed, and 100 µL of dimethyl sulfoxide was added to each well. The 96-well plate wrapped in aluminum foil was shaken for 10 minutes at room temperature. The absorbance (optical density) values were measured by spectrophotometry at 570 nm.

Immunofluorescence microscopy
-----------------------------

The PC-12 cells were plated at a density of 3×10^4^ cells/well in a 6-well plate placed on the cover glass and were stabilized for 24 hours. The cells were incubated and treated according to the experimental schedule for 5 days. The cells were rinsed three times using phosphate-buffered saline (PBS) (1 mL/well) for 5 minutes and were fixed and permeabilized with cytoperm/cytofix (BD, San Jose, CA, USA) for 20 minutes and were rinsed the times using PBS for 5 minutes. The cells were blocked in 100 µL/well of blocking buffer (1×PBS/5% normal goat serum/0.3% Triton X-100) for 60 minutes. After aspirating the blocking solution, the diluted primary Ab (FOXO) was added to each well. The 6-well plate wrapped in aluminum foil was incubated overnight at 4℃. The cells were rinsed three times using PBS for 5 minutes, and incubated with fluorescence-conjugated secondary Ab diluted in Ab dilution buffer for 1 hour at room temperature in aluminum foil. A 300 µL of the diluted 4\',6-diamidino-2-phenylindole (DAPI) staining solution was added to the coverslip placed on the 6-well plate. The cells were incubated for 20 minutes at 37℃ and rinsed three times using PBS for 5 minutes. After draining the excess buffer from the coverslip, ProLong Gold Antifade Reagent (P36930; Thermo Fisher Scientific, Waltham, MA, USA) was added onto the coverslips. Cells were observed using a fluoroscene microscope with appropriate filters (Olympus BX-51; Olympus, Tokyo, Japan). Quantitative measurement of FOXO3 staining was calculated by counting the nuclear FOXO3 (+) cells among the total cells. For reducing interpreting bias by investigator, three investigators performed counting independently and it was repeated three times.

Western blot analysis
---------------------

The PC-12 cells were plated at a density of 3×10^4^ cells/well in a 6-well plate placed on cover glass and were stabilized for 24 hours. The cells were incubated and treated according to the experimental schedule for 5 days. PC-12 cells were placed on ice and washed using PBS. The cells were dislodged using a cell scraper and pipetted into microcentrifuge tubes. They were centrifuged at 1,500 rpm for 5 minutes and the supernatant was discarded. Cells were lysed in mammalian tissue lysis/extraction reagent including protease inhibitor. Proteins were quantified using the bicinchoninic acid protein assay kit. Samples were prepared in 1×sodium dodecyl sulfate (SDS) sample buffer (50 mM Tris pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol, and 0.01% bromophenol blue). Proteins were separated in 12% SDS-PAGE and transferred onto a polyvinylidene fluoride membrane. After blocking the membrane with 5% skim milk in Tris-buffered saline and Tween 20 at room temperature for 60 minutes, the membrane was incubated and immunoblotted with anti-caspase-3 (1:1,000), anti-cleaved caspase-3 (1:1,000), anti-Bcl-2 (1:1,000), anti-Akt (1:1,000), anti-phospho-Akt (Ser473, 1:1,000), and anti-α-tubulin (1:1,000) at 4℃ overnight. The biotinylated anti-mouse or anti-rabbit immunoglobulin G secondary antibodies were conjugated and were applied for 1 hour at room temperature. The membrane was developed by the alkaline phosphatase-conjugated development kit (Bio-Rad, Hercules, CA, USA). Developed protein bands were quantified by Multi Gauge version 2.2 program (Fuji photo film, Tokyo, Japan). α-Tubulin served as an internal control.

Statistical analysis
--------------------

The experimental results were reported as mean±standard error of mean. Student *t*-test was performed to evaluate the significance of the difference and was presented as *P*\<0.05.

RESULTS
=======

Cell growth and cell viability of PC-12 cells exposed to repeated glucose deprivation/reperfusion
-------------------------------------------------------------------------------------------------

We checked the cell growth of PC-12 cells cultured in accordance with the experimental schedule. We observed shrinkage of PC-12 cells and vacuolization in the cytoplasm. They were gradually detached from the culture dishes after acute and recurrent glucose deprivation. We took light microscope-slide imaging of PC-12 cells with a digital camera (×400; Canon, Tokyo, Japan). [Fig. 2A](#F2){ref-type="fig"} is an image of PC-12 cells exposed to sustained 25 mM glucose DMEM and PC-12 cells exposed to 0 mM glucose DMEM for 6 hours/25 mM glucose DMEM for 18 hours for 5 days. MTT assay was used to compare cell viability between cells exposed to repeated glucose deprivation/reperfusion condition and the controls. Cell viability in PC-12 cells exposed to repeated glucose deprivation/reperfusion was decreased by 19% compared with that of the controls (*P*\<0.05) ([Fig. 2B](#F2){ref-type="fig"}). We also checked cell viability by DAPI staining ([Fig. 2C](#F2){ref-type="fig"}). Exposure to repeated glucose deprivation/reperfusion caused a significant decrease in cell growth and cell viability of PC-12 cells compared to the controls not exposed to hypoglycemia.

The nuclear localization of FOXO3 in PC-12 cells exposed to repeated glucose deprivation/reperfusion
----------------------------------------------------------------------------------------------------

To assess the involvement of FOXO3 in repeated glucose deprivation/reperfusion conditions, we examined double staining (DAPI and FOXO3). [Fig. 3A](#F3){ref-type="fig"} shows an example of FOXO3 staining. FOXO3 staining was expressed in many PC-12 cell nuclei exposed to repeated glucose deprivation/reperfusion (red arrowheads). Nuclear FOXO3 localization was not observed in control PC-12 cells in the representative figure. The percentage of nuclear FOXO3/DAPI in PC-12 cells exposed to repeated glucose deprivation/reperfusion was increased by 31%, compared with the controls not exposed to hypoglycemia (*P*\<0.05 vs. control) ([Fig. 3B](#F3){ref-type="fig"}).

Protein expressions of phospho-Akt, Bcl-2, caspase-3, and cleaved caspase-3 in PC-12 cells exposed to repeated glucose deprivation/reperfusion
----------------------------------------------------------------------------------------------------------------------------------------------

To evaluate whether the PI3K/Akt pathway regulates cell apoptosis in repeated glucose deprivation/reperfusion conditions, the phospho-Akt and Akt protein levels were measured using Western blot analysis in treated PC-12 cells. As shown in [Fig. 4A](#F4){ref-type="fig"}, phospho-Akt expression was decreased in PC-12 cells exposed to repeated glucose deprivation/reperfusion conditions more than the controls (*P*\<0.05). To evaluate the expression of proteins related to the apoptosis of neuronal cells in repeated glucose deprivation/reperfusion, we measured the change in the protein expressions of anti-apoptotic gene Bcl-2 and pro-apoptotic genes, i.e., caspase-3 and cleaved caspase-3, using Western blot analysis. In [Fig. 4](#F4){ref-type="fig"}, Bcl-2 protein levels were significantly reduced and cleaved caspase-3 protein was significantly increased in PC-12 cells exposed to repeated glucose deprivation/reperfusion compared with the controls not exposed to hypoglycemia (both *P*\<0.05).

DISCUSSION
==========

In our study, cell growth and viability of PC-12 cells were decreased in repeated glucose deprivation/reperfusion. That stimulus localized FOXO3 to the nucleus when compared to the controls. The expressions of phospho-Akt and Bcl-2 proteins were decreased and cleaved caspase-3 expression was increased in repeated glucose deprivation/reperfusion. This study has demonstrated that PC-12 cell death due to repeated glucose deprivation/reperfusion was related to FOXO transcription factors, which induced changes in expression of PI3K/Akt, Bcl-2, caspase-3 and neuronal cell apoptosis.

The neuronal death resulting from hypoglycemia is not only a result of energy failure, but also the sequence of events initiated by hypoglycemia. Suggested mechanisms, through previous studies, were depletion of adenosine triphosphate/depolarization \[[@B22]\], glutamine release \[[@B23]\], calcium release \[[@B22][@B24]\], and reactive oxygen species production \[[@B25][@B26]\]. Amyloid β-peptide-caused Alzheimer\'s disease inhibits glucose transport, which in turn triggers the glucose deprivation apoptotic cascade in the cortex and hippocampus \[[@B27][@B28]\]. Another suggested mechanism of hypoglycemia-induced neuronal cell death and apoptosis is related to reperfusion. Hypoglycemia itself needs severe and prolonged exposure time to induce neuronal injury, but reperfusion/hypoglycemia caused neuronal damage within a relatively shorter hypoglycemic period. One study showed superoxide production occurred mainly during the period of glucose reperfusion, rather than during hypoglycemia itself \[[@B29]\]. Global cerebral ischemia results in subsequent reperfusion injury in the vulnerable brain, including the hippocampus, which is related to dementia \[[@B30]\]. Several studies have used experimental models, so called \'ischemia induced oxygen-glucose deprivation.\' PC-12 cells were exposed to culture medium without glucose and placed in a controlled atmosphere chamber for 4 to 10 hours in that model. They reported that reperfusion after oxygen-glucose deprivation caused neuronal cell apoptosis \[[@B31][@B32][@B33]\]. We modified the experimental conditions from previous reports for the reperfusion/hypoglycemic condition. The previous studies used oxygen-glucose deprivation for 4 hours/reperfusion for 20 hours \[[@B15]\]; serum and glucose deprivation for 6 and 18 hours \[[@B34][@B35]\]; and 2.5 hours oxygen-glucose deprivation, followed by a 24-hour reoxygenation period \[[@B36]\] to study PC-12 cell apoptosis. We used glucose deprivation for 1 hour/reperfusion for 23 hours and glucose deprivation for 6 hours/reperfusion for 18 hours, and continued for 5 days to evaluate the involvement of FOXO in repeated glucose deprivation/reperfusion, and compared them with the controls not exposed to hypoglycemia.

FOXO transcription factors are activated upon inhibition of PI3K/Akt signaling and involved in diverse cellular processes such as glucose metabolism, cell cycle, and apoptosis \[[@B18][@B19]\]. On inhibition of the PI3K/Akt pathway, FOXO transcription factors are localized in the nucleus, which cause cell cycle arrest, stress resistance, and cell death. The activated PI3K/Akt pathway relocates FOXO proteins from the nucleus to the cytoplasm, and inhibits FOXO-dependent transcription; which causes cell proliferation, stress sensitivity, and cell survival \[[@B37]\]. FOXO proteins are expressed to varying degrees in all tissues in mammals. FOXO1 mRNA is predominantly expressed in adipose tissues, FOXO3 mRNA in the brain, FOXO4 mRNA in the heart, and FOXO6 mRNA in the developing brain \[[@B38]\]. Sustained hypoglycemia-induced apoptosis through involvement of FOXO transcription factors and caspase-3 activation was found in the brain of the silkworm *Bombyx mori* \[[@B21]\]. We experimented with FOXO3 on neuronal cells and observed FOXO3 nuclear localization against repeated glucose deprivation/reperfusion conditions. FOXO3 translocation was related to PC-12 cell viability and apoptotic pathways in our study.

One of limitations of this study is that we did not apply FOXO inhibitor or PI3K inhibitor to evaluate the causal relationship between FOXO-related transcription factors and neuronal cell death. But, previous studies already showed that FOXO3 is closely related to the PI3K/Akt pathway, apoptotic signals, and cell death. The second limitation is that we did not compare glucose deprivation/reperfusion stimuli to hypoglycemia only, or high glucose treatment in PC-12 cells. Our major interest was to determine if FOXO3 and related proteins could change under reperfusion/hypoglycemia stimuli in neuronal cells. A third limitation is that we calculated nuclear FOXO3 localization ratio only by imaging, and did not perform Western blots on FOXO3 with the cytosolic fraction or the nuclear fraction of cell extracts. However, we repeated counting the nuclear FOXO3 staining by three different investigators to reduce the bias of interpreters. Finally, our fourth limitation is that we did not evaluate the relationship between FOXO and oxidative stress under reperfusion/hypoglycemia stimuli. The previous studies already showed that superoxide is produced at the time of glucose reperfusion after hypoglycemia, and the degree of superoxide production and neuronal death increased with increasing glucose concentration during the reperfusion period \[[@B29]\].

In conclusion, FOXO3 nuclear localization was observed in PC-12 cells against repeated glucose deprivation/reperfusion, and activated FOXO proteins were related to a decrease of Bcl-2 and an increase of cleaved caspase-3 expression. We showed that FOXO transcription factors may be involved in repeated glucose deprivation/reperfusion-induced neuronal cell death.

Rat PC-12 cells were provided by Young Hoon Kim MD, PhD of Paik Institute for Neuroscience Research, Inje University, Busan, South Korea.
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![Cell growth and cell viability in glucose deprivation for 1 hour/reperfusion for 23 hours and glucose deprivation for 6 hours/reperfusion for 18 hours for 5 days. (A) Representative light microscopic imaging (×400) of PC-12 cells not exposed to hypoglycemia, 0 mM glucose Dulbecco\'s Modified Eagle Medium (DMEM) for 1 hour, and 0 mM glucose DMEM for 6 hours for 5 days. (B) Quantification of cell viability used MTT assay in PC-12 cells exposed to 0 mM glucose DMEM for 1 hour and for 6 hours compared with the controls, not exposed to hypoglycemia. Scale bars represent 100 µm. Data are mean±standard error of mean. Statistical significance was tested using a Student *t*-test. The data shown represents three independent experiments. ^a^Represents *P*\<0.05 vs. control.](dmj-40-396-g001){#F1}

![Cell growth and cell viability in PC-12 cells exposed to glucose deprivation/reperfusion. (A) Representative light microscopic imaging (×400) of PC-12 cells not exposed to hypoglycemia and exposed to repeated glucose deprivation/reperfusion for 5 days. (B) Quantification of cell viability in PC-12 cells exposed to repeated glucose deprivation/reperfusion and the controls by using MTT assay. The intact nuclei were counted on a haemocytometer. Scale bars represent 100 µm. Data are mean±standard error of mean. Statistical significance was tested using a Student *t*-test. (C) Representative 4\',6-diamidino-2-phenylindole counterstaining of PC-12 cells exposed to repeated glucose deprivation-reperfusion for 5 days and control. The data shown represent three independent experiments. ^a^Represents *P*\<0.05 vs. control.](dmj-40-396-g002){#F2}

![The nuclear localization of forkhead box O 3 (FOXO3) in PC-12 cells. (A) Representative FOXO3 staining in PC-12 cells. FOXO3 is localized to the nuclei (red arrowheads) in PC-12 cells exposed to repeated glucose deprivation/reperfusion while FOXO3 is localized to the cytoplasm in the controls. (B) Quantification of nuclear localization of FOXO3 in PC-12 cells exposed to repeated glucose deprivation/reperfusion and the controls. Scale bars represent 200 µm. Data are mean±standard error of mean. Statistical significance was tested using an unpaired, two-tailed Student *t*-test. The data shown represent three independent experiments. DAPI, 4\',6-diamidino-2-phenylindole. ^a^*P*\<0.05 compared with control.](dmj-40-396-g003){#F3}

![Protein expressions of Akt, phosphorylated Akt (phospho-Akt), caspase-3, cleaved caspase-3, and Bcl-2 in PC-12 cells exposed to repeated glucose deprivation/reperfusion condition. (A) The expressions of phospho-Akt, Akt, cleaved caspase-3, and Bcl-2 were assessed by Western blot. (B) Quantification of phospho-Akt/Akt, cleaved caspase-3/caspase-3 and Bcl-2 expressions. Data are mean±standard error of mean from three independent experiments. Statistical significance was tested using an unpaired, two-tailed Student *t*-test. ^a^Represents *P*\<0.05.](dmj-40-396-g004){#F4}
